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Non-classical correlations between a C-band telecom photon and a stored spin-wave
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Future ground-based quantum information networks will likely use single photons transmitted
through optical fibers to entangle individual network nodes. To extend communication distances
and overcome limitations due to photon absorption in fibers the concept of quantum repeaters
has been proposed. For that purpose, it is required to achieve quantum correlations between the
material nodes and photons at telecom wavelengths which can be sent over long distances in optical
fibers. Here we demonstrate non-classical correlation between a frequency converted telecom C-
band photon and a spin-wave stored in an atomic ensemble quantum memory. The photons emitted
from the ensemble and heralding the spin-waves are converted from 780 nm to 1552 nm by means
of an all-solid-state integrated waveguide non-linear device. We show ultra-low noise operation
of the device enabling a high signal to noise ratio of the converted single photon, leading to a
high spin-wave heralding efficiency. The presented work is an enabling step towards the practical
entanglement of remote quantum memories and the entanglement of quantum systems operating at
different wavelengths.
I. INTRODUCTION
Long distance quantum communication has been an
ambitious and long standing goal in the quantum infor-
mation community. Although commercial solutions are
available for short distance quantum key distribution, the
extension to large scales remains challenging due to the
exponential scaling of photon losses in optical fibers with
distance [1]. To overcome this limitation the concept of
quantum repeaters (QR) has been developed which holds
great promise to extend the operation distance towards
continental scale [2, 3].
The essential building block of most quantum repeater
achitectures is a photonic quantum memory (QM) which
provides an interface between stationary quantum bits
(encoded in atom-like systems) and flying quantum bits
(encoded in photons) [4]. QMs have been implemented
in many different systems such as single atoms and ions,
atomic ensembles, and various solid state systems [3–
8]. Heralded entanglement between remote QMs can be
achieved by quantum interference of photonic modes cor-
related to the QMs at a central measurement station [9–
13]. To achieve long distance entanglement, it is essential
that the heralding photon be at telecom wavelength, in
order to minimize loss in optical fibers, which has not
been the case so far in previous experiments. A crucial
enabling step is therefore the ability to obtain quantum
correlation between a telecom photon (preferably in the
C band where the loss is minimal) and a long-lived atomic
state in a quantum memory.
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The best current QMs operate with photons in the vis-
ible or near infrared regime [3–8], which strongly limits
the possibilities of long distance transmission. Although
progress is being made towards quantum memories func-
tioning directly at telecom wavelengths [14–16], the cur-
rent demonstrations in the quantum regime still suffer
from short coherence times (ns time-scale) and low ef-
ficiencies. There are basically two different approaches
to connect visible QMs to telecom wavelengths. The
first one is to use photon pair sources intrinsically emit-
ting entangled photon pairs with one photon at telecom
wavelength and the other one in the visible or near in-
frared regime to be memory compatible. This photon
then can be stored in a read-write QM where the pho-
ton is mapped onto an atomic state and can be retrieved
back on demand [17–24]. The second possibility is to use
read QMs emiting photons entangled with the atoms, and
to convert the emitted photons to telecom wavelengths.
Significant efforts have been devoted to quantum fre-
quency conversion (QFC) of single photons towards the
telecom band [25–33], although only very few examples
are compatible with quantum memories [26, 27, 32, 33].
Ref. [32] demonstrated the quantum frequency conver-
sion to the C-band of a single read-out photon emitted
by a Rb-based quantum memory with an efficiency of
30%, using an integrated waveguide approach. However,
in that experiment there was no correlation left between
the converted photon and the quantum memory. The
conversion of the heralding photon from a QM was so
far only realized in a single experiment in which pho-
tons were converted form 795 nm to 1367 nm (E-band)
via four wave mixing (FWM) in a cold and dense en-
semble of Rubidium atoms [26, 27]. In contrast to the
conversion of the read-out photon, the heralding write
photon conversion is much more challenging in terms of
noise suppression, because the emission probability of the
write photon needs to be low (typ. < 1%) to avoid mul-
tiple spin-wave-excitations in the same mode leading to
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FIG. 1. (color online) (a) Experimental setup. Write pulse
(W ) and Read pulse (R) are sent counter-propagating into
the atomic cloud. Write and read photonic modes are denoted
by w and r. The QFCD consists of the PPLN waveguide, a
bandpass filter (BF), a narrowband etalon (Et), and a fiber
bragg grating (FBG). (b) Energy levels and coupling scheme
for the DLCZ experiment.
uncorrelated photons emitted in that mode. Hence, a
constant background-noise due to the conversion process
has a much higher impact on the SNR of the heralding
write photons than of the heralded read photons. In or-
der to reach a high heralding efficiency after conversion,
the background noise must therefore be very low.
In the present paper, we demonstrate low-noise quan-
tum frequency conversion of the initial heralding write
photon from a cold Rubidium QM to 1552 nm via dif-
ference frequency generation in an all-solid-state inte-
grated non-linear waveguide. The QM is implemented
in a cold ensemble of 87Rb atoms following the scheme
of Duan, Lukin, Cirac, and Zoller (DLCZ) [34] and we
use a periodically poled lithium niobate (PPLN) waveg-
uide for conversion. In contrast to the FWM approach
in cold atoms, QFC via solid-state waveguides offers ma-
jor advantages such as wavelength flexibility, robustness,
relative simplicity, and excellent prospects for on-chip-
integration. By combining high QFC efficiency and ultra-
narrowband filtering, we demonstrate that with the pre-
sented approach a high degree of non-classical correla-
tions between an atomic spin-wave stored in the QM
and a flying telecom photon can be achieved, as well as
high signal-to-noise ratio (SNR) for the detection of the
converted heralding photon, leading to a high spin-wave
heralding efficiency.
II. IMPLEMENTATION AND SETUP
The experimental setup is depicted in Fig. 1(a) and
basically consists of two parts – the atomic QM and
the quantum frequency conversion device (QFCD). After
cooling the 87Rb atoms in a magneto optical trap (MOT)
they are prepared in the ground state |g〉 = |52S1/2, F =
2,mF = 2〉 by optical pumping (cf. Fig. 1(b)). A
weak Gaussian-shaped write pulse (FWHM duration
τW = 20 ns), 40MHz red-detuned from the |g〉 ↔ |e〉 =
|52P3/2, F ′ = 2,mF = 1〉 transition, probabilistically cre-
ates a single collective spin excitation (spin-wave) be-
tween the two ground states |g〉 and |s〉 = |52S1/2, F =
1,mF = 0〉. The spin-wave can be stored for a pro-
grammable time in the QM and is heralded by a Ra-
man scattered write photon (τw = 22 ns). The write
photon is circularly polarized with respect to the exper-
iments’ quantization axis, set by a weak homogeneous
static magnetic field applied over the whole cloud. We
couple a small fraction of the isotropically emitted write
photons under an angle of 3◦ with respect to the write
pulse axis into a single mode fiber (coupling efficiency
approx. 60%). Besides that spatial filtering, we also per-
form polarization filtering of the write photon using a
combination of quarter- and half-waveplates, as well as a
polarization beam splitter in front of the fiber.
The afterwards linearly polarized write photon is sent
to the QFCD and first overlapped on a dichroic mir-
ror with the spatial mode of the pump laser at 1569 nm
which before was spectrally cleaned by two bandpass fil-
ters (Semrock NIR1, center wavelength 1570 nm, trans-
mission bandwidth 8.9 nm), leading to an ASE suppres-
sion of more than 100 dB at 1552 nm. A combination of
lenses (not shown in Fig. 1(a)) ensures optimal focussing
and mode matching of the beams into the temperature
stabilized 3 cm long PPLN waveguide (HC Photonics) in
which the conversion of the write photon from 780 nm to
1552 nm takes place. Afterwards, the pump radiation is
blocked by a combination of two bandpass filters (Sem-
rock NIR01-1550/3-25) each with a transmission band-
width of 7 nm around 1552 nm and an maximum opti-
cal depth of OD ≈ 12. However, further filtering is re-
quired to detect the converted write photon at the single
photon level because of noise generated by spontaneous
Raman scattering of the pump beam which leads to a
broad background around the target wavelength. In con-
trast to former work [32, 35], we apply a two-stage addi-
tional filtering consisting of an etalon with a bandwidth
of 210MHz and a free spectral range of 4GHz and a
fiber Bragg grating (FBG) of 2.5GHz bandwidth. The
total extinction ratio of the whole filtering stage for the
pump radiation at 1569 nm is >150 dB (100 dB for the
two bandpass filters, 44 dB for the FBG and 11 dB for the
etalon). This allowed us to achieve high values of SNRs at
low photon number, which is necessary for the quantum
frequency conversion of the heralding write single pho-
tons. The converted write photons are finally detected by
an InGaAs single photon detector (SPD) (ID Quantique
ID230) with an detection efficiency of ηd,1552 = 10%.
III. RESULTS
A. QFCD performance
The performance of the QFCD can be deduced from
Figure 2. For characterization of the QFCD, we cou-
ple 1.2mW continuous wave input light at 780 nm to
measure the total conversion efficiency and single pho-
ton level coherent input pulses of 16 ns duration with a
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FIG. 2. (color online) Signal to noise ratio SNR (blue dots for
full filtering, grey squares without etalon, left axis) measured
with a mean input photon number per pulse of µin = 0.16 and
internal efficiency ηint of the QFCD (green circles, right axis)
measured with classical input light vs. pump power measured
after the waveguide. The data are fitted by functions, model-
ing the expected behavior (solid lines). The inset shows the
SNR vs. µin for a fixed pump power of Ppump = 287mW.
mean photon number per pulse of µin = 0.16 to measure
the SNR versus the coupled pump power (measured be-
hind the waveguide). The plotted internal efficiency ηint
excludes all optical losses, e.g. due to initial coupling
in the waveguide (ηcpl ≈ 74%), all subsequent filtering
stages (ηfilter ≈ 36%), all optical surfaces including one
optical isolator (ηsurf ≈ 70%) and the final fiber cou-
pling (ηfiber ≈ 75%). The data are fitted with the models
described in [32, 35] and we retrieve a normalized con-
version efficiency of ηn = 61%/W/cm
2 and a maximum
internal efficiency of ηmaxint = 72% which corresponds to
a maximum total device efficiency of ηmaxdev ≈ 10% with
ηdev = ηintηloss, with ηloss = 14%. The SNR, defined
as the background subtracted conversion signal over the
background, follows the expected behavior (blue line)
showing a drop for low pump powers due to the dark
count limitation of our detector (DC1552 = 10Hz) as
well as a decrease for very high pump powers due to
the non-linear dependence of ηint on Ppump. For com-
parison we also included a trace of the SNR measured
without the etalon (grey squares) which shows signifi-
cantly worse filtering. The inset shows the SNR depend-
ing on the mean input photon number µin for full fil-
tering (including the etalon) for a fixed pump power of
Ppump = 287mW. We observe the expected linear de-
pendence SNR = SNRmax × µin with SNRmax = 452 for
a single photon input (i.e. µin = 1). This represents
a more than fivefold improvement compared to former
reported results [32].
B. Combined QM and QFCD
Next, we combined the QFCD with the cold atomic
QM to convert the write photons from 780 nm to 1552 nm
and investigate the joint properties of the telecom pho-
tons and the atomic spin-wave stored in the QM. To cre-
ate the spin-wave weak Gaussian shaped write pulses of
τW = 20 ns duration were sent and the width of write
photon detection gate was set to 40 ns (cf. green area
in the inset of Fig. 3(a)). To gain information about
the spin-wave, we sent a read pulse (τR = 35 ns, PR =
190µW) resonant to the |s〉 ↔ |e〉 transition to convert
the spin-wave back into a single read photon. Due to
collective interference of the atoms, the read photon is
emitted in a spatial mode given by the phase matching
condition kr = kR+kW−kw, with kr,R,W,w denoting the
respective wave vectors of the single photons and pulses
[34]. The read photon is then polarization filtered be-
fore being sent through a monolithic Fabry-Perot cavity
(ηcav ≈ 20% total transmission, including cavity trans-
mission and subsequent fiber coupling) for spectral filter-
ing and finally detected in a window of 100 ns by a sili-
con SPD (Excelitas SPCM-AQRH-14) with ηd,780 = 40%
efficiency. The retrieval efficiency is defined as the prob-
ability to map a heralded spin-wave onto a read photon.
Its raw value is calculated as ηret = pcw,r/pcw, where
pcw,r is the probability per trial to detect a coincidence
between a converted write and a read photon and pcw is
the probability per trial to obtain a detection event in
the converted write photon detector. The fiber-coupled
retrieval efficiency ηfiberret = ηret/(ηcavηd,780) corresponds
to the probability of finding a read photon in the optical
fiber after the vacuum cell, i.e. corrected for filtering and
detector efficiency only.
To demonstrate that the conversion of the write pho-
ton preserves its quantum character, we measured the
normalized second-order cross-correlation between the
converted write photon and the read photon defined as
g
(2)
cw,r = pcw,r/(pcwpr). For comparison we also took the
cross-correlation g
(2)
w,r without write photon conversion,
for which we replaced the QFCD by a Fabry-Perot fil-
tering cavity with similar characteristics as the one used
for the read photons but resonant with the write photons.
The obtained data are shown in the Fig. 3(a) as blue dots
for g
(2)
cw,r and blue circles for g
(2)
w,r vs. the applied power of
the write pulse. We observe the highest cross-correlation
of g
(2)
cw,r ≈ 20 for a write pulse power of PW ≈ 10µW . For
higher PW , g
(2)
cw,r decreases, as expected for a DLCZ-type
QM. For lower values of PW , g
(2)
cw,r slightly drops due to
noise introduced by the QFCD and the dark counts of
the SPDs [36]. This also explains the deviation of g
(2)
cw,r
from g
(2)
w,r in the low PW regime. The measured g
(2)
cw,r in
Fig. 3(a) are well above the classical limit of 2, assum-
ing thermal statistics for the write and read beams (see
below). This shows that we can operate the combined
QM-QFC device for a large range of write pulse powers
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FIG. 3. (color online) (a) Normalized cross-correlation of the
unconverted write photons (blue circles, left axis) and the
converted ones (blue dots) with the read photons and SNR of
the converted write photons (green diamonds, right axis, er-
rorbars smaller than symbol size) vs. peak power of the write
pulse. The blue shaded area corresponds to the expected g
(2)
cw,r
as inferred from Eq. (1), and the SNR is fitted by a linear re-
gression (green line). The inset shows as an example the de-
tected shape of the converted write photon for PW = 333µW.
The pump power was fixed at Ppump = 290mW. (b) Extrap-
olated maximal visibility V max for interfering two frequency
converted photons from two atomic ensembles depending on
the maximal heralding efficiency ηmaxh (blue dots for full fil-
tering, grey squares without etalon).
in a highly non-classical regime. The experimental data
follow well the expected behavior taking into account the
background noise created by the QFCD pump laser (in-
dicated by the blue shaded area) which can be deduced
from
g(2)cw,r =
g
(2)
w,r + SNR
−1
1 + SNR−1
. (1)
Here, g
(2)
w,r denotes the measured cross-correlation if the
write photon is sent through a filtering cavity (similar to
the read photon cavity) instead of the QFCD and SNR
is the signal to noise ratio of the converted write photon.
SNR = (pcw − pN )/pN , where pN is the probability to
have a detection when the write photon is blocked before
the QFCD (see also Supplemental Material). The good
agreement between the experimental data and the simple
model suggests that the noise generated by the QFCD
pump beam is the main limiting factor for the value of
g
(2)
cw,r.
TABLE I. Measured values of the coincidence detection prob-
ability pcw,r, the cross-correlation g
(2)
cw,r and the unheralded
auto-correlations g
(2)
cw,cw and g
(2)
r,r of the converted write pho-
tons and read photons for different write pulse powers PW .
Errors correspond to ±1 standard deviation. The Cauchy-
Schwarz parameter R is calculated from Eq. (2).
PW [mW] pcw,r [%] g
(2)
cw,r g
(2)
cw,cw g
(2)
r,r R
2.39 4.2 · 10−3 2.48(6) 2.0(2) 2.16(9) 1.4(2)
0.65 1.2 · 10−3 4.49(8) 2.3(3) 2.04(9) 4.4(7)
0.17 0.3 · 10−3 9.9(2) 1.6(4) 2.0(1) 31(7)
Moreover, we proved unambigusously the high degree
non-classical correlations between the converted write
photons and the retrieved read photons by violating the
Cauchy-Schwarz inequality for classical light, given by
R =
(g
(2)
cw,r)
2
g
(2)
cw,cw · g(2)r,r
≤ 1 (2)
where where g
(2)
cw,cw =
pcw,cw
pcwpcw
(g
(2)
r,r =
pr,r
prpr
) denotes the
unheralded auto-correlation function of the converted
write (read) photons. The measured correlation val-
ues for different write powers and the inferred Cauchy-
Schwarz parameter R are given in Table I. Even for rel-
atively high write pulse powers we clearly violate equa-
tion (2). For PW = 0.17mW we obtain R = 31 vio-
lating the Cauchy-Schwarz inequality by more than four
standard deviations, clearly demonstrating strong non-
classical correlations between the converted write pho-
tons and the retrieved read photons.
In addition to non-classical correlations, another re-
quirement to build a reliable QR is to achieve a high
SNR in the detection of the converted heralding photon.
Hence, we investigated the SNR of the frequency con-
verted write photon depending on the write pulse power.
The results are shown as green diamonds in Fig. 3(a).
We observe the expected linear increase of the SNR with
write pulse power as SNR ∝ PW . For large PW we ob-
serve SNRs > 50 while still being in the the non-classical
regime.
From the data presented in Fig. 3(a), we can ob-
tain more insight about the performance of our com-
bined QM-QFC device for quantum information proto-
cols. From the measured g
(2)
cw,r, we can infer the max-
imal visibility Vmax that could be achieved in a two
photon interference experiment. For example if the
atomic qubit was entangled with a converted photonic
qubit (e.g. in polarization [37] or time-bin [38]) or in a
two ensemble entanglement experiment [39] we can in-
fer V max = (g
(2)
cw,r − 1)/(g(2)cw,r + 1). Here, it is assumed
that the QFCD is phase-preserving [31, 35]. Also from
the measured SNR, we can infer the maximal herald-
ing efficiency ηmaxh = SNR/(SNR + 1) of the combined
QM-QFC device for heralding the presence of a spin-
wave in the ensemble. The infered Vmax is plotted as
a function of ηmaxh in Fig. 3(b). We infer a visibility of
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FIG. 4. (color online) Retrieval efficiency (green circles, left
axis) and normalized cross-correlation of the converted write
photons and read photons (blue dots, right axis) vs. storage
time in the QM. The write and pump powers were fixed at
PW = 0.18mW and Ppump = 290mW.
V ≈ 90% up to 80% heralding efficiency for full filtering
(blue dots). V max decreases for higher ηmaxh , but we still
obtain Vmax > 1/
√
2, potentially enabling a violation of
the Clauser-Horne-Shimony-Holt (CHSH) type Bell in-
equality, for ηmaxh > 90%. This confirms the suitability
of the combined QM-QFC device as a elemental building
block of a QR for long distance quantum communica-
tion. If the etalon is removed, V max drops significantly
(cf. grey squares) clearly demonstrating the importance
of ultra-narrowband filtering for the all-solid state based
QFC approach. We stress that these values are given
here only to infer the potential of our device for quan-
tum information experiments, and should be confirmed
with further measurements.
Finally, we investigated the capability of the combined
QM-QFC device to preserve the non-classical correlations
of the converted write photons and the stored spin-wave
depending on the storage time in the QM. The retrieval
efficiency ηret (green circles in Fig. 4) decreases over stor-
age time due to dephasing of the stored spin-wave mainly
induced by thermal atomic motion and to a smaller de-
gree by external spurious magnetic field gradients. The
decay can be fitted with a theoretical model introduced in
the Supplemental Material (see green line in Fig. 4) giv-
ing a decay time of τ = 23.6± 0.8µs. However, the stor-
age time is not a fundamental limitation here, as it could
be increased by orders of magnitude using other tech-
niques [26, 27, 40–42]. The normalized cross-correlation
g
(2)
cw,r between the converted write photons and the re-
trieved read photons is shown as blue dots in Fig. 4 for
a write pulse power of PW = 0.18mW. We observe the
expected decay of g
(2)
cw,r and fit the data with the above
mentioned model, giving a decay time of τ = 25.8±1.2µs
which is consistent with the result obtained when fitting
ηret. Fig. 4 shows that we stay in the non-classical regime
(g
(2)
cw,r > 2) up to storage times of about 40µs which cor-
responds to a fiber transmission length of approximately
8 km.
C. Discussion
The performance of the QFCD is currently mainly lim-
ited by technical issues like coupling efficiencies in the
PPLN wave-guide and into the final optical fiber as well
as transmission efficiencies through the filtering stage and
other optical surfaces. However, with the current de-
vice conversion efficiency of about 10% and typical fiber-
absorptions of 0.2 dB/km for 1552 nm and 3.5 dB/km for
780 nm, the unconverted photon traveling in a 780 nm
fiber would experience a higher loss after around 3 km
than a frequency converted photon traveling in a telecom
fiber. Hence, even with this seemingly low conversion ef-
ficiency, QFC beats direct transmission already after a
few km.
Second, we note that a QFCD with a given device effi-
ciency ηdev is equivalent in terms of loss to an additional
fiber length of L = −10/0.2·log(ηdev). For the current de-
vice efficiency of 10%, this corresponds to an additional
loss of −10 dB meaning an equivalent of 50 km extra fiber
in each arm of a telecom quantum repeater. A device ef-
ficiency of 50% would corresponds to 15 km of additional
fiber in each arm.
Finally, we note that to alleviate the requirements
for spectral filtering and thus to increase the QFC ef-
ficiency, also different conversion strategies with fur-
ther separated wavelengths could be considered [43]. A
larger wavelength separation would decrease the Raman
noise or could even suppress it completely. However,
to convert the 780 nm photon into the telecom C-band
(1530 nm − 1565 nm) where the losses in optical fibers
are the lowest, not much flexibility is possible. The Ra-
man noise is present up to 700 cm−1 (21THz) away from
the excitation pump, as measured in [44]. In our case,
the frequency separation between the pump at 1569 nm
and the target wavelength at 1552 nm is 2.1THz. Us-
ing a pump at the edge of the gain spectrum of Er-
bium amplifiers, around 1605 nm, the separation in fre-
quency between that pump and the target wavelength
at 1517, nm would be 11THz, which is still inside the
Raman noise window. The solution for a noise-free con-
version as mentioned in Ref. [43] would indeed be to use a
pump at around 2000 nm converting the 780 nm photons
to 1280 nm into the telecom O-band (frequency difference
of 84THz). This however, would come with the expenses
of higher transmission losses in fibers, a more problem-
atic mode matching in the non-linear wave-guide, and
the need for more sophisticated technical resources.
IV. CONCLUSION
In conclusion, we demonstrated highly non-classical
correlations between a frequency converted telecom C-
6band photon and a spin-wave stored in an atomic quan-
tum memory. The photon heralding the spin-wave was
converted from 780 nm to 1552 nm using an integrated
non-linear waveguide. We showed that by improved
optical filtering very high signal to noise ratios up to
SNRmax = 452 for a weak coherent input pulse with in
average one photon per pulse could be achieved. This was
the key to obtain high non-classical correlations between
the converted write and read photons up to g
(2)
w,r ≈ 20
when the QFCD was combined with the QM, as well
as high SNRs for the detection of the converted write
photon, leading to high spin-wave heralding efficiencies.
Moreover, we proved that the quantum character of the
converted write photons and read photons are preserved
by violating the Cauchy-Schwarz inequality by more than
four standard deviations. Finally, we demonstrated that
the non-classical correlations between the heralding tele-
com write photon and the near infrared read photon
could be stored in the QM up to 40µs. Our experi-
ment shows that quantum frequency conversion based
on integrated non-linear waveguide is a viable approach
to create quantum correlation between telecom photons
and long-lived spin-waves. This approach offers signif-
icant advantages in terms of wavelength flexibility, ro-
bustness and simplicity compared to frequency conver-
sion processes in cold atomic gases. The robust all-
solid-state quantum frequency conversion of the herald-
ing write photons in combination with the preservation
and storage of non-classical correlations in a DLCZ-QM
is an important step towards the interconnection of mat-
ter nodes operating at different wavelengths and the real-
istic implementation of an elementary telecom quantum
repeater link.
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Supplemental Material
1. TEORETICAL MODEL FOR THE
SECOND-ORDER CROSS CORRELATION
FUNCTION
As mentioned in the main text, the second order cross-
correlation function between the frequency converted
write photons and the read photons, is related to the
photon detection probabilities as g
(2)
cw,r = pcw,r/(pcwpr).
During the frequency conversion process, the write pho-
tons experience two kinds of imperfections: the first one
is imperfect transmission and the second one is that they
are mixed with noise photons (coming mainly from resid-
ual pump light and detector dark counts). Consider-
ing these two effects, we can rewrite the photon detec-
tion probabilities as pcw = ηQFCpw + pN and pcw,r =
ηQFCpw,r + pNpr. In these expressions ηQFC is the to-
tal efficiency of the quantum frequency conversion device
(QFCD), pw is the probability that a write photon ar-
rives at the input of the QFCD and pN is the probability
to detect a noise photon. These effects can be included
in the expression of the cross-correlation function.
g(2)cw,r =
ηQFCpw,r + pNpr
(ηQFCpw + pN )pr
=
pw,r
pwpr
+ pNηQFCpw
1 + pNηQFCpw
(3)
From the previous expression we can identify two
terms. The first one is the cross-correlation of the fields
without any frequency conversion g
(2)
w,r = pw,r/(pwpr)
8and the other one is the signal-to-noise-ration of the
frequency converted photons SNR = (pcw − pN)/pN =
ηQFCpw/pN . Introducing this terms in eq. (3) leads to
the expression of eq. (1) from the main text
g(2)cw,r =
g
(2)
w,r + SNR
−1
1 + SNR−1
(4)
2. MEASUREMENTS WITHOUT FREQUENCY
CONVERSION
The blue shaded area in Fig. 3 of the main text shows
the cross-correlation values that we expect after the fre-
quency conversion of the write photons. As mentioned
in the previous section, the way we obtain the expected
g
(2)
cw,r is by considering the cross-correlation values with-
out the frequency conversion (g
(2)
w,r) and the imperfections
that the QFC process would introduce. The measured
values of g
(2)
w,r are shown in Fig. 5. In order to take the
data in the correct conditions (e.g. without additional
noise), the write photons were filtered with a Fabry-Perot
cavity with similar characterisitics as the one used for the
read photons (see main text).
10−2 10−1 100
0
50
100
150
Write pulse power PW (mW)
g(
2) w,
r
FIG. 5. Second order cross-correlation function of the write
and read photon fields, without frequency conversion.
3. THEORETICAL MODEL FOR THE DATA AS
A FUNCTION OF THE STORAGE TIME
Due to collective interference, spin-waves can be con-
verted with a high efficiency into read photons emitted in
a particular transition and direction. The ratio between
the directional emission and the random emission (e.g.
spontaneous emission) depends, among other factors,
on the preservation of the spin-wave coherence. In our
experiment this coherence is mainly affected by the
random motion of the atoms, which induces a spin-wave
dephasing that decreases the ratio between directional
and random emission when the storage time increases.
The effect of this dephasing on ηret and g
(2)
cw,r can be
seen in Fig. 4 of the main text.
In order to find theoretical expressions for these quan-
tities depending on the storage time, we start by writing
them as a function of the photon detection probabili-
ties ηret = pcw,r/pw and g
(2)
cw,r = pcw,r/(pcwpr). Since
the ratio between the read photon directional and ran-
dom emission will depend on the storage time, we can
write pr(t) = p
dir
r (t) + p
rand
r (t) and pcw,r(t) = p
dir
cw,r(t) +
pcwp
rand
r (t). The ratio of directional emission can be
characterized by the intrinsic retrieval efficiency ηIret(t),
while the random emission is proportional the total num-
ber of atoms in the |s〉 ground state (Ns), the branching
ratio of the read photon atomic transition (ξg = 1/6) and
the read photon spatial mode solid angle (∆Ωr). Hence,
we can write all the photon detection probabilities as:
pcw = pηcw (5)
pr(t) = pη
I
ret(t)ηr +Ns[1− ηIret(t)]
∆Ωr
4pi
ξgηr (6)
pcw,r(t) = pη
I
ret(t)ηcwηr + pηcwNs[1− ηIret(t)]
∆Ωr
4pi
ξgηr(7)
where p is the probability to create a spin-wave
together with a write photon in the coupled spatial
mode and ηcw(r) are the write (read) photon total
detection efficiencies. In the previous equations we have
taken into account non-unity detection efficiencies, but
we have not considered any noise. The reason is that we
experimentally measured that the probability to detect a
noise count for the data in Fig. 4 is much lower than the
probability to detect a real photon. The noise detection
probabilities for the write and read photon modes are
pNw = 2.30 · 10−5 and pNr = 7.8 · 10−5, respectively.
Since write photons and excitations in state |s〉 are
created in pairs, Ns can be obtained from p and the
write photon spatial mode solid angle ∆Ωw, with the
expression Ns = p4pi/∆Ωw. In our experiment the solid
angle of the write and read photonic modes are the same
(∆Ωw = ∆Ωr).
The storage time dependence of the directional emis-
sion will be represented by ηIret(t) wich is proportional
to the overlap between the state of the dephased spin-
wave with the unperturbed one: ηIret(t) ∝ |〈Ψ(0)|Ψ(t)〉|2.
As explained in literature [38, 45], in the presence of
random atomic motion dephasing, the spin-wave state
evolves with time as
|Ψ(t)〉 = 1
N
∑
j
ei(kW−kw)(xj+vjt)|g1...sj ...gN 〉 (8)
where kW(w) is the wave vector of the write pulse (write
photon), N is the total number of atoms, xj is the
9position of atom j at the moment of the write process
and vj its velocity. Assuming a Maxwell-Boltzmann
distribution for the atomic velocities, the temporal
dependence of the intrinsic retrieval efficiency becomes
ηIret(t) = η
I
rete
−t2/τ2 with τ =
√
m/(kBT∆k2), where m
is the atomic mass, kB is the Boltzmann constant, T is
the atomic temperature and ∆k = |kW − kw| [38].
Introducing the previous expressions in equations (5)-
(7), we can finally write the theoretical formulas used for
the fits in Fig.4 of the main text.
ηret = ηr
[
ηIrete
−t2/τ2(1− pξg) + pξg
]
(9)
g(2)cw,r = 1 +
ηIrete
−t2/τ2(1− p)
p
[
ηIrete
−t2/τ2(1− ξg) + ξg
] (10)
